Recent advances in cardiovascular magnetic resonance (CMR) imaging have facilitated CINE imaging of the fetal heart. In this work, a preliminary investigation of the utility of multislice CINE CMR for assessing fetal congenital heart disease is performed and compared with echocardiography.
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I
n pregnancies where the fetal cardiovascular system is abnormal, in utero imaging of the fetal heart is an integral facet of patient care. 1 Echocardiography is the gold standard for fetal cardiac imaging and includes 2-dimensional (2D) B-mode sweeps of the heart to define the relationships between cardiac structures; 2D Doppler which is used to improve visualizations of the fetal vessels, measure blood flow, and assess cardiac output; and in recent years, 4-dimensional ultrasound which provides dynamic and volumetric measurements of the fetal heart. Unfortunately, fetal ultrasound examinations can be difficult or inadequate when pregnancy is associated with oligohydramnios, multiple gestations, maternal obesity, fetal diaphragmatic hernia, or when imaging occurs during late gestation. In these circumstances, fetal magnetic resonance imaging (MRI) has increasingly been used as an adjunct diagnostic tool to evaluate the heart, 2-5 as well as the brain, 6 lungs, 7 and other organs. 8 In previous studies using cardiovascular resonance imaging (CMR), fast multislice static 2D images have been acquired to evaluate the fetal heart and assess the degree of cardiac abnormalities. [9] [10] [11] [12] [13] Unfortunately, static images contain no information on the temporal dynamics of the fetal cardiac cycle, inhibiting the visualization of moving structures and precluding assessment of cardiac function. In 1 study, fetal cardiac function was evaluated using dynamic real-time CMR but had constrained resolution relative to previous studies using static images.
14 To achieve higher resolution and create dynamic images, various strategies for fetal CINE imaging using methods for cardiac gating have been demonstrated, including ultrasound based gating devices 15 and image-based retrospective gating. [16] [17] [18] [19] [20] [21] Additionally, retrospective fetal cardiac gating has been used in several studies to demonstrate the utility of phase-contrast MRI in evaluating fetal hemodynamics. [22] [23] [24] [25] Still, artifact from maternal respiration and gross fetal movement often leads to image degradation in CMR studies, and as a result, recent advances in fetal CMR have focused on methods for motion-compensated 26, 27 CINE imaging of the fetal heart. 19, 20 These studies have provided significant technical development allowing for high spatial and high temporal resolution CINE imaging of the fetal heart but have primarily focused on single-slice imaging and have not yet demonstrated the utility of CINE imaging in the visualization of congenital heart disease (CHD).
The objective of this study is to evaluate a previously described framework for high-resolution motion compensated multislice CINE CMR imaging of the fetal heart in the context of CHD. 26, 28 We present qualitative and quantitative comparisons between multislice 2D CMR and its closest echocardiography equivalent, 2D B-mode sweeps. This work presents the first motion compensated CINE CMR images of the fetal heart obtained in a cohort of pregnant women demonstrating a range of fetal cardiac abnormalities.
METHODS
Subjects
The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure. CMR reconstruction routines coded in MATLAB (MathWorks, Natick, MA) are available on request. Twenty-five pregnant women with fetal diagnosis of CHD participated in this institutional Research Ethics Board approved study with written consent. This cohort represents the first 25 available subjects with fetal CHD regardless of specific pathology. Each subject underwent a fetal echocardiography examination because of suspected CHD on a routine obstetric ultrasound. Subjects were then recruited for CMR if a cardiac abnormality was confirmed by echocardiography. Note that the first 4 subjects were included in a previous validation study of the CMR reconstruction methods used in this work.
26
CMR Acquisition
A multislice 2D balanced steady-state free precession sequence with continuous golden-angle radial sampling was used. Slices were prescribed in short-axis and long-axis planes of the fetal heart on a 1.5T clinical MRI system using both body and spine matrices with ≈30 active channels (Avanto Fit; Siemens Healthineers, Germany). For each plane, a stack of 10 to 20 slices was acquired spanning the heart. All scans were acquired free-breathing with the following
CLINICAL PERSPECTIVE
In pregnancies where fetal congenital heart disease is suspected during routine obstetric ultrasound, a thorough echocardiographic workup is required to assess the fetal cardiac anatomy and function. Recently, fetal magnetic resonance imaging has increasingly been used as an adjunct diagnostic tool to evaluate the heart, brain, lungs, and other organs when ultrasound examinations are difficult or inadequate because of oligohydramnios, multiple gestations, maternal obesity, fetal diaphragmatic hernia, or when imaging occurs during late gestation. In this work, we present a newly developed method for reconstructing high-resolution dynamic magnetic resonance images of the fetal heart, evaluate this modality in the context of visualizing cardiac abnormalities, and compare these images to their echocardiography counterparts. We show that magnetic resonance imaging of the fetal heart has the potential to compliment echocardiography in the assessment of congenital heart disease during late gestation. 3 , CINE temporal resolution: 12 to 15 ms. The acquisition length for each slice was ≈15 s to ensure a period of quiescent fetal motion was included within the acquired data for subsequent CINE reconstruction as described in the next section. The total duration of fetal multislice CINE imaging was kept to ≈5 minutes, constrained by the other components of a comprehensive 1-hour research MRI examination of pregnancy. As a result, repetitions of multislice CINE images were not possible, regardless of clinically relevant indications or observed gross fetal motion during the scan.
CMR Reconstruction
Reconstruction of fetal CINE images was performed using a previously published method for retrospective motion correction. 26 Briefly, a low-resolution real-time reconstruction of the acquired fetal data was used to assess and reject noticeable through-plane motion, estimate and correct for translational motion, and extract the fetal heart rate. Using these motion parameters, high-resolution CINE images were reconstructed wherein the effects of maternal respiration and fetal movement were suppressed. CMR reconstruction routines coded in MATLAB are available on request.
Echocardiography Acquisition
Continuous 2D sweeps of the fetal cardiac anatomy were acquired in axial and sagittal views covering the fetal heart and great vessels using a Philips iU22 system with a C5-1 abdominal transducer and frequency range of 1 to 5 MHz (Philips Healthcare, the Netherlands). The 2D sweeps were obtained as part of a standard scanning for segmental analysis of the heart. Additional echocardiography acquisitions included color and pulse wave Doppler to assess the circulation. However, to provide the closest comparison to CINE CMR, only the 2D sweeps were selected and shown to AVSD indicates atrioventricular septal defect; CMR, cardiovascular magnetic resonance imaging; CoA, coarctation of the aorta; EA, Ebstein anomaly; echo, echocardiography; GA CMR , gestational age (wk+d) at the time of CMR; GA echo , gestational age at time of echo; HLHS, hypoplastic left heart syndrome; ID, subject identification; LSVC, persistent left superior vena cava; PAIVS, pulmonary atresia with intact ventricular septum; RAI, right atrial isomerism; RVA, right ventricular aneurysm; TA, truncus arteriosus; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; and VSD, ventricular septal defect.
reviewers for offline segmental analysis as described in the next section.
Evaluation of Cardiac Anatomy
For each subject, pathognomonic images demonstrating characteristic features of various forms of CHD were selected for qualitative comparison of the 2 modalities. To quantitatively compare CMR and echocardiography, visualization of 9 fetal cardiac features (atrial arrangement, ventricular morphology, great vessel arrangement, atrioventricular connections, ventriculoarterial connections, systemic venous connections, pulmonary venous connection, aortic arch sidedness, pulmonary artery branches) was assessed, and each modality was evaluated according to a binary scoring system (1, identifiable structure; 0, nonidentifiable structure). Images from each modality were deidentified and exported as Digital Imaging and Communications in Medicine. Two reviewers (R1, Dr Lloyd and R2, Dr Yoo), blinded to each diagnosis, then independently scored the images by alternating between modalities. Note that the order of subjects was randomized such that the same subject was not reviewed sequentially by the 2 modalities. For a given subject, reviewers were free to scroll through all the CMR CINE or echocardiography sweeps and were, therefore, not bound to specific scan planes to identify structures. Agreement in the number of identified structures between CMR and echocardiography was assessed using a Wilcoxon signed-rank test, and interobserver agreement was assessed using Cohen κ coefficient. The data, analytic methods, and study materials will not be made available to other researchers for purposes of reproducing the results or replicating the procedure.
RESULTS
The gestational ages at the time of CMR and echocardiography (range 28-37 weeks, median 35 weeks), and the diagnoses from postnatal echocardiography, are listed for each subject in Table 1 . Overall a range of cardiac abnormalities was observed amongst the 25 subjects with transposition of the great arteries appearing most frequent (N=10) owing to overlap in the recruitment for this study and a larger research study at our institution focused on transposition of the great arteries. CMR and echocardiography imaging was possible in all 25 subjects and, therefore, all subjects were included in the subsequent qualitative and quantitative comparison between the 2 modalities.
A representative 4-chamber view from CMR and echocardiography is shown in Figure 1 demonstrating the dynamic information available from each modality. The end-diastolic and end-systolic cardiac phases are shown, as is the temporal evolution of signal (m-mode) along the dashed line in the end-diastolic frame, with both modalities showing longitudinal contraction of the ventricles. A video corresponding to these images is available as Movie I in the Data Supplement. For comparison, only one heartbeat from the echocardiography loop is shown at approximately the same anatomic location as the CMR images. Overall, the CMR images show good delineation of the cardiac anatomy and comparable information to the echocardiography images.
Pathognomonic Examples
Among the 25 subjects imaged in this study, 12 major forms of CHD were visualized by CMR and echocardiography and confirmed by postnatal echocardiography. In general, both the CMR and echocardiography images were able to clearly identify the cardiac abnormalities present within the cohort of subjects. However, for subject 7, neither CMR nor echocardiography provided clear visualization of the relatively small left ventricle, albeit this is in keeping with the postnatal 
Evaluation of Cardiac Anatomy
A representative axial multislice stack of CMR images covering the heart from base to apex is shown in Figure 8 , providing a detailed overview of the segmental analysis performed by 2 reviewers for each subject and modality. A video corresponding to these images is available as Movie VIII in the Data Supplement. The abnormal arrangement of the great vessels (3-vessel Segmental analysis of the fetal cardiac anatomy using CMR and echocardiography is summarized for all 25 subjects in Tables 1 and 2 . The average number of anatomic features identified (out of 9) across all subjects was higher for echocardiography (R1, 7.8±2.3; R2, 7.5±2.4) than CMR (R1, 7.1±2.1; R2, 6.7±2.3), as was the median number of anatomic features for echocardiography (R1: 9, IQR 8-9; R2: 9, IQR 6-9) relative to CMR (R1: 8, 5-9; R2: 7, IQR 5-9), whereas a Wilcoxon sign rank test indicated a statistically significant difference between modalities for both reviewers (R1, P=0.01; R2, P=0.01). Interobserver agreement measured by Cohen kappa coefficient was 0.58 (95% CI, 0.44-0.71) for CMR and 0.47 (95% CI, 0.29-0.65) for echocardiography. The anatomic features that were least identified by CMR across all 25 subjects were the ventriculoarterial connections and pulmonary artery branches, although the identification rates for specific anatomic features varied with echocardiography for each reviewer.
The differences between modalities were primarily because of incomplete coverage and noncontiguous slices caused by gross fetal movement during CMR acquisitions. Subjects 5, 10, and 19 had the lowest number of features identified by CMR, and each suffered from gross fetal movement. Subjects 21 and 25 had the lowest number of features identified by echocardiography because of difficulty in obtaining an adequate ultrasound window caused by maternal size.
If we exclude subjects with observed gross fetal movement (N=4), the number of anatomic features observed by CMR (R1, 7.5±1.8; R2, 7.3±1.7) or echocardiography (R1, 7.6±2.5; R2, 7.4±2.5) is no longer statistically different (R1, P=0.72; R2, P=0.88). Furthermore, the number of anatomic features identified by at least one of CMR or echocardiography (R1, 8.4±1.3; R2, 8.4±1.2) was higher than either modality alone. 
DISCUSSION
In this work, we present a preliminary investigation of the utility of multislice 2D CINE CMR imaging to visualize fetal cardiac anatomy in 25 subjects with fetal CHD. High-resolution CINE CMR images of the fetal heart were obtained from each subject using recently developed techniques for motion compensation. Various pathognomic views of the observed forms of CHD illustrated the potential of fetal CMR to depict the diagnostically relevant cardiovascular structures. Furthermore, a segmental analysis of the cardiac anatomy was performed by 2 independent reviewers without knowledge of the cardiac diagnosis, and quantitative comparison was made between CMR and echocardiography.
Overall, motion compensated CINE CMR produced high-quality images of the fetal heart but identified fewer of the 9 assessed anatomic features than echocardiography. When assessing the ventriculoarterial connections with CMR, noncontiguous slices made it difficult to follow the ventricles and great vessels across the stack. With the current CMR protocol, this presents a significant limitation when diagnosing outlet tract abnormalities. The small size of the pulmonary artery branches relative to the acquired slice thickness also made it difficult to capture origin and path of these, especially if gross fetal movement occurred. Valve morphology is also generally difficult to assess with CMR relative to echocardiography, even in postnatal subjects, and, therefore, no attempt was made to directly visualize the cardiac valves with CMR in the fetal subjects included in this study. Nevertheless, if we exclude subjects with observed gross fetal movement, the difference in the number of anatomic features observed by CMR and echocardiography is no longer statistically significant. This suggests that a prospectively chosen fetal CINE CMR protocol that focuses on a specific clinical question (ie, outflow tract abnormalities), including repeat measurements and improved slice coverage, would be able to assess the ventriculoarterial connections and pulmonary artery branches. Specific improvements are discussed in the next section. Furthermore, using the current protocol, the number of anatomic features identified by at least one of CMR or echocardiography was higher than either modality alone, highlighting the potentially complementary information provided by CMR.
The results of this study indicate that CMR may have a comparable identification rate of cardiac anomalies to echocardiography if complete coverage of the heart and contiguous slices were ensured. This problem could be overcome by repeating the acquisitions when fetal movement was encountered. As the scan time for each acquisition of a stack is around 3 minutes, this is unlikely to increase the duration of the examination excessively. Furthermore, the CMR acquisition length of 15 s per slice was arbitrarily chosen to secure quiescent periods of fetal movement within the data acquisition. To reduce the total scan time and improve anatomic coverage, the acquisition lengths for individual slices could be reduced and the number of acquired slices increased. Our recent work has shown that scan lengths may be reduced to 3 to 4 seconds per slice (25% of the scan time used in this study) without sacrificing image quality, providing time for improved coverage and repeated measurements to guard against data loss from gross fetal movement, thus facilitating improved CMR identification rates in the future. 26 Additionally, recent studies have proposed the use of interactive real-time acquisitions to improve slice prescription in fetal applications. 29 Combining a real-time assessment of slice prescription with the motion compensation pipeline may help address the effects of both interslice and intraslice motion. CMR and echocardiography both demonstrated moderate interobserver agreement (CMR, 0.58; 95% CI, 0.44-0.71 and echocardiography, 0.47; 95% CI, 0.29-0.65). The variability between observers may be attributed to artifact present in each imaging modality. Generally, CMR images contained residual streaking artifact but displayed sharp anatomic structures with well-visualized cardiac dynamics. Similarly, echocardiography displayed cardiac dynamics, but the borders of the heart chambers and vessels were occasionally obscured by acoustic shadowing.
A well-known limitation of fetal echocardiography is that image quality decreases with gestational age, particularly not only because of acoustic shadowing from the spine and ribs but also because of adverse fetal lie and relative paucity of amniotic fluid. Conversely, CMR is likely to be more successful during late gestation when compared with an earlier MRI because of decreased fetal mobility and the increased size of fetal cardiac structures. Cardiac imaging is important throughout gestation to aid in decisions about the pregnancy in early gestation and for planning treatment and delivery options in late gestation. Currently, there have not been any studies applying CINE imaging to earlier gestational ages because of the achievable fetal CMR resolution and likelihood of increased fetal motion. However, recently proposed strategies for accelerated acquisitions and motion compensation, including those used in this work, may alleviate these concerns, providing additional opportunities to study the fetal heart with CMR at earlier gestations. With that in mind, a comparison of CMR and echocardiography throughout gestation would be useful.
The focus of this work was on the visual assessment of CHD with 2D CINE CMR. As a result, 2D sweeps were chosen as the most similar echocardiography imaging method for quantitative comparison. In principle, a preliminary diagnosis could be made by either 2D CINE CMR or 2D echocardiography sweeps alone. However, analysis of diagnostic accuracy was excluded from this study because in practice CINE CMR and echocardiography sweeps are combined with additional measurements from either modality to create a clinical diagnosis. For example, both CINE CMR and 2D echocardiography images provide not only assessment of morphology but also measurements of function as shown in Figure 1 .
Overall, both modalities demonstrate longitudinal contraction of the ventricles, but delineation of the myocardium and blood pool is qualitatively better with CMR. Quantitative comparison of cardiac function as measured by both CMR and echocardiography should be investigated to further determine the added value of the proposed CMR approach. Additionally, 2D CINE and 2D sweeps represent only a snapshot of a typical CMR and echocardiography examination respectively. Additional scans may include velocity sensitive (CMR: phase-contrast MRI, echocardiography: Doppler) and volumetric (CMR/echocardiography: 3-dimensional acquisitions) imaging for improved diagnosis of CHD. In particular, phase-contrast MRI has been well demonstrated as a useful tool in assessing fetal hemodynamics, including cases with cardiac abnormalities. [22] [23] [24] [25] The CMR reconstruction methods used in this study can be readily applied to phase-contrast MRI, potentially improving the feasibility of the measurements in a clinical setting. 30 Furthermore, complex forms of CHD often include extracardiac abnormalities which may benefit from the high tissue contrast, large field of view, and quantitative tissue characterization (ie, oxygen saturation) provided by MRI. Therefore, to compare the full diagnostic ability of each modality for diagnosing fetal CHD further study should include comparison of prenatal and postnatal diagnoses using standard clinical protocols for CMR and echocardiography which include assessment of hemodynamics, as well as extracardiac findings from obstetric ultrasound and MRI. However, at present time, a standard fetal CMR protocol is not yet established.
Finally, although echocardiography and CMR show comparable diagnostic performance in ideal situations, their limiting factors are different: echocardiography may suffer from poor sonographic propagation to the fetal heart, whereas CMR requires repeat scanning in cases of gross fetal movement. As a result, motion compensated CINE CMR may play an important complementary role in cases with poor echocardiography quality.
In conclusion, CMR is a promising tool for evaluating fetal cardiac anatomy and function in late gestation. This work presents the first comparison of motion compensated 2D CINE CMR and 2D echocardiography sweeps in cases of fetal CHD, based on segmental analysis. We show that given adequate coverage of the heart without major fetal movement, fetal CMR provides diagnostic information comparable to echocardiography in late gestation. Although CMR is unlikely to replace echocardiography as the primary diagnostic tool for CHD, it should be considered a useful adjunct to confirm or exclude CHD if echocardiography windows are poor or if fetal MRI is obtained for other indications (ie, lungs, brain, liver). Through the continued development of fetal CMR, a more comprehensive examination of the cardiovascular anatomy and physiology is possible, providing new opportunities to study pregnancies in which the fetal cardiovascular system is compromised. 
